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ABSTRACT: Ion-exchange membranes are critical components of
hydrogen fuel cells, where these ionomers can be confined to
nanoscale thicknesses, altering the physical properties of these films
from that of bulk membranes. Therefore, it is important to develop
methods capable of measuring and elucidating the transport
mechanisms under thin film confinement compared to bulk Nafion.
In this study, water sorption and diffusion in a Nafion thin film were
measured using time-resolved in situ polarization modulation infrared
reflection absorption spectroscopy (PM-IRRAS). Interfacial mass
transport limitations were confirmed to be minimal, while restricted
water diffusion was observed, where the effective diffusion coefficient of water in the thin Nafion film was many orders of
magnitude lower (between 4 and 5 orders of magnitude) than those reported for bulk membranes and was dependent on the
initial hydration state of the Nafion. Furthermore, the response of the hydrophobic domains (Teflon backbone) to the swelling of
the hydrophilic domains (ionic clusters) was shown to be orders of magnitude slower than that of bulk Nafion.

Proton exchange membrane (PEM) fuel cells have emerged
as a promising energy conversion technology for

automotive transportation, as well as many other applications
that require clean, quiet, and portable power.1,2 In recent years,
perfluorosulfonic acid (PFSA) has proven to be the most
widely used membrane material for PEM fuel cells.3 Nafion,4 a
PFSA membrane that is comprised of a Teflon backbone with
perfluorvinyl ether side-chains, terminated by sulfonic acid
groups, is currently the industrial standard for PEMs as a result
of its high proton conductivity and good chemical and thermal
stability.5 The flexibility and polarity of the side chains results in
nanophase separation from the hydrophobic backbone, creating
a complex morphological structure, which plays a critical role in
determining the transport properties of Nafion films.
Furthermore, the location of the Nafion within the fuel cell
ultimately determines whether this ionomer is found on micron
or nanometer size-scales. Current synthesis methods of gas
diffusion electrodes for fuel cells include incorporation of the
Nafion in the catalyst ink as an ionic conducting binder, thus
creating confined, nanoscale Nafion films.6,7 Proton con-
ductivity in these Nafion membranes is inherently coupled to
the level of hydration, where water management within the film
is governed by the water transport mechanisms present in
Nafion. With this, polymer structure/dynamics and water/
proton transport in thin Nafion films have become important
areas of research.5,8−20

Unlike bulk Nafion (>20 μm), thin Nafion films can exhibit
anomalous physical behavior due to confinement (e.g.,
interactions between polymer chains and substrate, free surface
effects).14,16,18,21 Along with the anomalous physical processes
that occur in thin films, Nafion itself exhibits a convoluted
water sorption process, whereby sorption is thought to be

governed by a combination of interfacial mass transport
limitations, internal diffusion, and polymer swelling dynam-
ics.22,23 Experimental methods to measure the effect of these
factors on water transport in bulk Nafion have involved both
steady-state23,24 and non-steady-state, transient measure-
ments.23,25 However, there are limited studies probing the
effect of these phenomena on water sorption and diffusion in
Nafion thin films, where investigations have been limited to
transient swelling or water uptake measurements.5,13,15,16,26 In
fact, to date, there are no reported molecular-level measure-
ment techniques that are capable of steady-state diffusion
measurements on thin films.
In this study, water vapor diffusion in a Nafion thin film was

investigated using time-resolved in situ polarization modulation
infrared reflection absorption spectroscopy (PM-IRRAS).
Specifically, the diffusion coefficients of both hydrogenated
(H2O) and deuterated (D2O) water were measured, where
switching between the two penetrants was used to deconvolute
the effect of polymer dynamics (swelling) on water transport, as
well as measure the steady-state, effective diffusion coefficient of
water in a nanoscale Nafion film. Unlike other experimental
methods used to measure diffusion in thin polymer films (e.g.,
quartz crystal microbalance (QCM)), PM-IRRAS provides a
direct, molecular-level measurement of both Nafion and water
in real-time. The physics of the polarization modulation
technique (i.e., p-polarized and s-polarized light)27−29 enables
the measurement of water sorption kinetics in humid
environments, where only water that is sorbed or diffused
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into the Nafion film contributes to the overall infrared signal.
Furthermore, with the ability to capture water diffusion in
highly hydrated Nafion thin films, contributions from polymer
chain relaxations are almost completely eliminated and only
internal water diffusion is measured in these thin films. To the
best of our knowledge, this is the first time the steady-state,
effective diffusion coefficient of water in a hydrated Nafion thin
film has been reported.
Figure 1a shows the time-resolved infrared spectra of water

vapor diffusing into an initially dry Nafion (equivalent weight:
1100 g Nafion/mol SO3H) thin film (153 nm ±2 nm;
measured by ellipsometry) in response to a relative humidity
step of 0% RH to 73% RH at 25 °C. The inset in Figure 1a
highlights the infrared region of interest for this study, where
the intensity of the water O−H stretching band (broad band
between 3720 cm−1 and 3325 cm−1) increases with time,
representing the sorption and diffusion of water into the Nafion
thin film.
In order to calculate the effective diffusion coefficient of

water through the Nafion thin film, the experimental water
kinetic data was regressed to a 1-D solution to Fick’s second
law. Since the data obtained from the PM-IRRAS experiments
is representative of the concentration profile over the entire
film thickness (i.e., the measured infrared signal is position

independent since the IR beam travels through the entire film
thickness), the PM-IRRAS water uptake data is analogous to
that of mass uptake data and can be regressed to the following
equation:30
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where I(t), I0, and If are the PM-IRRAS signal at any time, the
initial, and the final signal, respectively, L is the thickness of the
film, and D is the effective diffusion coefficient of water in
Nafion (see Supporting Information for full derivation). It must
be noted that the diffusion coefficient, D, is referred to as an
effective diffusion coefficient in all transport measurements.
This terminology is used because there are a number of
assumptions that must be made in order to treat the diffusion
coefficient as a constant (e.g., film thickness is constant,
concentration-independent diffusivity). While this is not the
most rigorous treatment of water diffusion in Nafion, this
simplified diffusion model sufficiently captures the water uptake
kinetics in thin film Nafion (as seen in Figure 1b), without the
need for more complicated transport models. Figure 1b shows
the normalized (to the final value), integrated PM-IRRAS signal

Figure 1. (a) Infrared spectra of H2O vapor diffusion into a dry Nafion thin film (153 nm) at 25 °C at selected time intervals in response to a relative
humidity step of 0% RH to 73% RH. The inset shows the increase of the O−H stretching band (water) with time. Normalized, integrated PM-
IRRAS signal of the O−H stretching of water as a function of time at 25 °C, where (b) the solid line represents a regression to the Fickian model (eq
1), where the diffusion coefficient of water, D, was the only adjustable parameter, (c) the solid line represents a regression to the Fickian model (eq
2), where the mass-transfer Biot number, Bi, was the only adjustable parameter.
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of the water O−H stretching band as a function of time. The
solid black line represents a regression of the water diffusion
data to eq 1, where the effective diffusion coefficient, D, was the
only adjustable parameter. A value of approximately 1.3 × 10−12

cm2/s was determined from this regression. While this diffusion
coefficient represents the smallest error between experimental
data and model (i.e., smallest sum of squared error), the scatter
in the water kinetic data (see Figure 1b) allows for a range of
effective diffusion coefficients that could adequately fit the data.
For Figure 1b, effective diffusion coefficients of 1.3 × 10−12 (±4
× 10−13) cm2/s provide adequate fits for the water uptake
kinetic curve. Similar to previous work on water diffusion in
Nafion thin films,5,15 the diffusion coefficient of water in a 153
nm Nafion film is 4 to 6 orders of magnitude lower than those
reported for bulk Nafion (10−6 cm2/s−10−8 cm2/s).31−34

Some investigators have reported a mass-transfer resistance
(i.e., Biot number ≪ 1) at the vapor/polymer interface for
water diffusion in Nafion.23,33,35,36 To this end, a first
approximation (qualitative analysis) of the experimental setup
can be performed. With a water vapor flow rate of over 4 L/min
and a sample chamber of about 0.25 L, the exchange rate of
vapor inside the sample chamber is sufficiently high (i.e., large
convective stream of humidified air), indicating that mass-
transfer in the system should be minimal. Furthermore, the
mass-transfer Biot number can be directly calculated from a
regression of the experimental water uptake data to a solution
to Fick’s second law, where mass-transfer resistance at the
vapor/polymer interface is considered. The resulting equation
is as follows:30 ̀
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where Bi is the mass-transfer Biot number and βn are the
positive roots of β × tan(β) = Bi. Figure 1c shows a regression
of the water diffusion data to eq 2, where the Biot number, Bi,
was the only adjustable parameter (the diffusion coefficient was
fixed using the previously calculated value from Figure 1b). A
value of 9.5 was determined from this regression, showing that
the rate of mass transfer at the vapor/polymer interface is high
compared to internal diffusion (see Supporting Information for
full Biot number analysis).

While water transport in bulk Nafion films has been
extensively studied, there is still much debate on the primary
factors that control the rate of water transport in these
membranes. Many investigators assume that the rate-limiting
factor is internal diffusion of water,37,38 while others have
shown that, depending on membrane thickness and the phases
of water to which the membrane is exposed, water transport
can be governed by interfacial mass transport limitations,
internal diffusion, and polymer swelling (i.e., polymer chain
relaxation).22,23,35 As shown previously, interfacial mass trans-
port resistance (i.e., mass-transfer resistance at the vapor/
polymer interface) is not the rate-limiting factor in these
experiments, although polymer relaxation (Nafion chain
dynamics) can play a significant role in the mechanism of
diffusion in these thin films. In order to eliminate polymer
chain relaxation, in addition to directly measuring internal water
diffusion, a series of switches between H2O and D2O were
performed. Figure 2a shows the time-resolved spectra of D2O
diffusion in a hydrated (with H2O) Nafion thin film in response
to a relative humidity jump in D2O of 0% RH to 65% RH at
25 °C.
The inset in Figure 2a highlights the infrared region of

interest for this study, where the intensity of the water O−H
stretching band (broad band between 3720 cm−1 and 3325
cm−1) and water O−D stretching band (broad band between
2750 cm−1 and 2100 cm−1) decrease and increase with time,
respectively. The increase in intensity of the O−D stretching
peak represents the diffusion of D2O into the Nafion thin film,
while the decrease in intensity of the O−H stretching peak
represents the diffusion of H2O out of the Nafion thin film.
This data highlights the ability of PM-IRRAS to capture
multicomponent transport in a thin polymer film within a single
experiment. Figure 2b shows the raw, integrated PM-IRRAS
signal of the infrared bands associated with the water O−H
stretching (open blue circles) and the deuterium oxide O−D
stretching (open green squares) as a function of time. Similar to
the spectra presented in Figure 2a, the data shown in Figure 2b
represent sorption (increase in PM-IRRAS signal) and
desorption (decrease in PM-IRRAS signal) of both H2O and
D2O during the water transport experiments.
In order to calculate the effective diffusion coefficient of H2O

and D2O through the Nafion thin film, the experimental water
kinetic data was regressed to a 1-D solution to Fick’s second

Figure 2. (a) Infrared spectra of a switch between H2O and D2O vapor in a hydrated (with H2O) Nafion thin film at 25 °C at selected time intervals.
The inset shows the increase of the O−D stretching band and decrease of the O−H stretching band with time. (b) PM-IRRAS signal of the cycling
of H2O (open blue circles) and D2O (open green squares) in a Nafion thin film as a function of time.
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law (eq 1). A summary of the calculated water diffusion
coefficients for both H2O and D2O is shown in Figure 3.

It should be noted that a value of approximately 176 nm (not
153 ± 2 nm) was used as the hydrated Nafion thickness in all of
the calculations of the effective water diffusion coefficients. It
was assumed that the Nafion thin film exhibited a swelling ratio
of 15%, going from a dry to hydrated state. This is a
conservative estimate and represents the lower boundary for
water diffusivity since previous researchers have reported
swelling ratios of thin film Nafion as high as 20% and
40%.5,15,39 It was also assumed that negligible swelling and
change in water content (ca. 10% change from H2O to D2O) of
the Nafion thin film occurred during the switch between H2O
and D2O. This was confirmed by quartz crystal microbalance
(see Supporting Information).
It is clear from Figure 3 that three distinct regimes for water

diffusion in Nafion are present. The first of these regimes is that
of water diffusion into an initially dry Nafion film. Diffusion of
water into an initially dry Nafion film would be accompanied by
structural rearrangement and swelling (polymer relaxation).
This would imply that the calculated water diffusion coefficient
for this type of experiment would encompass not only internal
diffusion, but also polymer relaxation and rearrangement caused
by the diffusion of water into the thin film. It is widely accepted
that complete percolation of the ionic domains into connected
ionic channels allows for more facile water transport in Nafion,
which occurs at elevated humidities.40,41 Inherently, diffusion
into an initially dry Nafion film is slowed down due to the
absence of this interconnected ionic network. As a result, the
calculated water diffusion coefficient in this first regime is lower
than those calculated for the hydrated Nafion film.
The second observed regime represents a series of switches

between H2O and D2O, where the diffusion coefficient for each
diffusing species was calculated within a single transport
experiment. It was observed that diffusion within this
“hydrated” regime is higher (2−3×) than that in the initially
dry Nafion thin film. Again, this difference can be explained by
the nanostructure of the Nafion film, where the fully connected
network of ionic domains of the initially hydrated film allows

for more facile water transport than the unpercolated ionic
network of the initially dry thin film. The diffusion coefficient
calculated in this second regime represents the steady-state,
effective diffusion coefficient of water in a hydrated Nafion thin
film. Additionally, it can be seen that the diffusion coefficients
for H2O and D2O are similar (within experimental error) and
can be considered equivalent (small difference may be caused
by larger size of the D2O molecule).
Finally, a third regime is observed, whereby the Nafion film

goes from a highly hydrated to fully dry state. The calculated
water diffusion coefficient in this regime is over 4 times higher
than that of the diffusion coefficient of water in the dry Nafion
thin film and more than twice as fast as those calculated for
H2O/D2O switching experiments. It is believed that the water
diffusion coefficient determined for this regime represents only
internal diffusion and is not convoluted with such factors as
polymer relaxation/rearrangement, which is clearly a factor
when going from a dry to hydrated state. To our knowledge,
this is the first report where a systematic study was carried out
on the factors affecting water transport in an ultrathin (<200
nm) Nafion film (e.g., interfacial mass transport limitations,
polymer relaxation), where the diffusion coefficient calculated is
representative of pure internal diffusion of water inside the
Nafion thin film. This is a critical value for the Nafion
community and can be used to help accurately model water
diffusion in the catalyst layer of the PEM fuel cell, where again,
Nafion is oftentimes confined to nanoscale thicknesses.
Finally, repeat switching experiments were performed on the

same Nafion thin film in order to gain further insight into the
Nafion thin film chain dynamics (i.e., swelling) during the water
sorption process. The use of infrared techniques to measure
dilation (relaxation) of a polymer matrix during the diffusion
process has been previously established in the literature.42−44

Figure 4a shows the initially dry and hydrated (with both H2O
and D2O) spectra of the infrared band associated with the
Nafion C−F2 stretching at 25 °C. These spectra were collected
in response to a relative humidity step in H2O and D2O of 0%−
75% RH and 0%−65% RH, respectively.
Specifically, the Nafion C−F2 stretching infrared band

(located at 1259 cm−1) decreases with time as water (and
D2O) diffuses into the polymer, similar to results observed from
previous work on bulk Nafion.45 From this previous study, the
decrease in the C−F2 stretching band was attributed to water-
induced swelling of the Nafion. Physically, as water sorbs into
the Nafion thin film, the Nafion swells, increasing the total
volume of the sample. The swelling process causes the
population of C−F2 in the sampling region (i.e., the IR
beam) to decrease with time, which expresses itself as a
decrease in IR intensity of the C−F2 band. Figure 4b shows the
“normalized”, integrated PM-IRRAS signal (I0/I(t) − 1) of the
infrared band associated with the Nafion C−F2 stretching
(open purple squares) as a function of time. Recent work by
Kusoglu and co-workers26 calculated the swelling (relaxation)
time constant to be approximately 30 s for a thin film Nafion
(ca. 190 nm) on a gold substrate. To confirm that the decrease
in this infrared band with time is due to the swelling of the
Nafion thin film, the swelling time constant was calculated for
the data in Figure 4b. From this analysis, a swelling (or
relaxation) time constant of about 35 s was calculated (shown
by the dashed red line). This value is equivalent to that
previous calculated for the same material on the same
substrate,26 validating that the decrease in PM-IRRAS signal
is purely due to swelling of the Nafion thin film.

Figure 3. Effective diffusion coefficient of water in the Nafion thin film
over a series of switches of H2O and D2O at 25 °C. The error bars
represent the standard deviation of at least three repeat experiments
(in most cases, six repeat experiments).
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As mentioned above, previous FTIR-ATR studies on water
sorption in bulk Nafion (i.e., Nafion 117)45 showed similar
water-induced polymer relaxation (swelling) for both the
Nafion backbone (C−F2 bonds) and the Nafion side-chain
(S−O3- and C−O−C stretching) during water transport
experiments. While swelling of the Nafion side-chains was
observed in this study, the signal-to-noise ratio of these IR
bands was less than desirable and therefore omitted from the
analysis. In the study by Hallinan et al.,45 the C−F2 polymer
data was regressed to a three-element relaxation model in order
to calculate a relaxation time constant for this swelling process
(i.e., stress dissipated via relaxation of the Nafion matrix).
Unlike this previous study, only the early time water uptake
data (i.e., less than 300 s) was used in the model regression
since only Fickian uptake kinetics was observed in this portion
of the data. With this, the C−F2 swelling data of the Nafion thin
film can be regressed to a two-element relaxation model
(Kelvin (Voigt) model) shown below:

ε
σ

β= − = − −
I

I t E
t

( )
1 (1 exp( ))0 0

(3)

where ε, σ, E, and β are the strain, stress, Young’s modulus, and
relaxation time constant, respectively. It has been previously
shown that the polymer strain is proportional to the change in

polymer concentration (i.e., absorbance) due to relaxation.45−47

Figure 4b shows a regression of the C−F2 stretching PM-
IRRAS data, during the initial H2O hydration, to the Kelvin
(Voigt) model (eq 3), where the relaxation time constant, β,
was the only adjustable parameter of the regression. A
relaxation time constant of about 2.5 × 10−2 1/s was
determined from the regression. In order to compare this
value to those obtained for bulk Nafion films, a normalized
relaxation time (i.e., polymer chain “diffusion”; L2 β) for the
thin Nafion film was determined, where a value of 5.8 × 10−12

cm2/s was calculated.
The normalized relaxation time calculated for the Nafion thin

film is 5-orders of magnitude lower than that of bulk Nafion
films (2.7 × 10−7 cm2/s for Nafion 117). Since water transport
and polymer chain dynamics can be coupled (ignoring free-
volume effects),48 a decrease in the Nafion chain dynamics (i.e.,
slower polymer chain “diffusion”) leads to a decrease in water
transport in these thin films. This result further highlights the
confinement effect that is observed in these thin films,5,12,14,21

where interactions with the substrate can cause the Nafion
chain dynamics to be much slower than those observed in bulk
Nafion films. This analysis can be applied to the final drying
step (H2O to dry) in order to discern any correlation between
the Nafion chain dynamics and the observed increase in water

Figure 4. (a) Infrared spectra of the Nafion C−F2 stretching band of dry Nafion (red line), Nafion hydrated with H2O (blue line), and Nafion
hydrated with D2O (black line) at 25 °C. (b) Regression of the time-resolved Nafion C−F2 stretching absorbance data (purple squares), during
initial hydration and (c) during final drying to a polymer relaxation model (eq 3) at 25 °C. The solid line represents the full solution of eq 3, where
the relaxation time constant, β, was the only adjustable parameter.
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diffusion coefficient. Figure 4c shows a regression of the C−F2
stretching PM-IRRAS data, during the final drying step, to the
Kelvin (Voigt) model (eq 3), where the relaxation time
constant, β, was the only adjustable parameter of the regression.
A relaxation time constant of about 6.0 × 10−2 1/s was
determined from the regression. This value can also be
normalized by film thickness, where a value of approximately
2 × 10−11 cm2/s was determined. The increase in polymer
chain “diffusion” (over 3 times faster than initial hydration
step) of the Nafion chains during the final desorption step leads
to an increase in water diffusivity (see Figure 3), but again, this
value is orders of magnitude lower than those calculated for
bulk Nafion. The results of the swelling analysis clearly show
that Nafion chain dynamics are drastically slowed down in
nanoscale films, where this decrease in chain dynamics
ultimately leads to a large decrease in water diffusivity.
In summary, water sorption and diffusion in a 153 nm Nafion

thin film was captured using time-resolved in situ polarization
modulation infrared reflection absorption spectroscopy (PM-
IRRAS). Specifically, PM-IRRAS was used to measure the
diffusion of both H2O and D2O during a series of water
sorption experiments where switching between the two
penetrants was carried out. The calculated effective diffusion
coefficient of water in Nafion was over 4-orders of magnitude
lower than those reported for bulk Nafion membranes and was
dependent on the initial hydration state of the Nafion; however,
little difference was observed between the calculated effective
diffusion coefficient for H2O and D2O. Additionally, the water-
induced swelling data obtained from the water transport
experiments was regressed to a relaxation model, where it was
observed that Nafion chain dynamics are slowed down
significantly compared to chain dynamics in bulk films. This
study highlights the powerful capabilities of PM-IRRAS in
capturing water diffusion in thin Nafion films and indicates the
need for additional studies on the effect of film thickness and
polymer film processing on water transport and Nafion chain
dynamics in these nanoscale thin films.
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